ABSTRACT: An experiment was designed to assess the mineral status of 60 Angus yearling beef steers grazing bahiagrass pastures fertilized with large amounts of biosolids from three sources: Baltimore, MD; Tampa, FL; and Largo, FL. Biosolids were classified as exceptional quality and thus had no regulatory restrictions on loading rate. They differed primarily in concentration of Mo (12 to 56 mg/kg of DM). Residual treatments (biosolids applied only the previous year) for Baltimore biosolids were applied at 22.4 and 44.8 t/ha, and Tampa biosolids were either 16.8 or 33.6 t/ ha. The reapplied treatments (applied in consecutive years) for both Baltimore and Tampa sludges were applied at 22.4, 44.8, 16.8 , and 33.6 t/ha, respectively. The two Largo biosolids treatments were either 56 or 112 t/ha and were applied only in the 2nd yr. Liver biopsies and blood samples were collected on d 1, 95, and 180. Liver and plasma were analyzed for minerals
Introduction
Ruminants grazing forages high in Mo and(or) S, but adequate or deficient in Cu, are at risk of molybdenosis or direct Cu deficiency. The former occurs when Mo, S, and Cu combine in the rumen to form Cu-thiomolybdate complexes that are poorly absorbed (Suttle, 1991) . High S intake can also decrease Cu status independent of Mo status (Smart et al., 1986) and reduce feed intake (Weeth and Hunter, 1971) . Calves with Mo-induced Cu deficiency have lower percentages of lymphocytes than control or Cu-supplemented calves and tend toward de-1 Supported in part by grants from the Water Environment Research Foundation, 601 Wythe Street, Alexandria, VA 22314-1994. 2 Florida Agric. Correspondence: P.O. Bo 110910 (phone: 352-392-7561; fax: 352-392-7651; E-mail: mcdowell@animal.ufl.edu) .
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and blood was analyzed for hemoglobin, hematocrit, and superoxide dismutase of polymorphonuclear neutrophils. Experimental animals were generally adequate in macromineral status and Co, Fe, and Mn throughout the experiment. Copper deficiency was evident based on the clinical signs of hair coat discoloration, very low plasma Cu at d 95, and the continuous decline in liver Cu over 180 d. A sharp decline in plasma Cu was observed for all treatments from d 1 to 95, after which Cu concentrations rebounded to normal concentrations (> 0.65 µg/mL) by d 180. Liver Mo was well below concentrations indicating toxicity (> 5.0 mg/kg). The steep decline in liver Cu over the first 95 d reflects the dietary Cu deficiency and the possibility of high forage S (0.26 to 0.52%) interfering with Cu metabolism. Biosolids application to bahiagrass pastures was not detrimental to mineral status except for declining Cu stores; however, the controls likewise declined, but to a lesser degree.
creased cytokine response to disease challenge (Gengelbach et al., 1997) . Clinical signs of Mo-induced Cu deficiency in ruminants include anemia, loss of hair color, and neonatal ataxia (McDowell, 1992) . Application of biosolids (municipal sewage sludge) to pasture is of interest because some sources contain high concentrations of Mo and other metals that could be absorbed by plants and be ingested by grazing ruminants and thereby promote toxicosis. The use of biosolids as fertilizer would be of benefit if they increased forage yields without causing toxicity. The process would also provide a safe means for biosolids disposal. The objective in the 2nd yr of an ongoing study was to evaluate the performance and mineral status of beef steers grazing forage subjected to applications of large quantities of biosolids in successive years or applied the previous (residual) year. Year-1 performance and mineral status of beef heifers has been previously reported (Tiffany et al., 2000) . These biosolids were classified as exceptional quality (U. S. EPA, 1993) , with varying amounts of Mo (12 to 56 mg/kg). 
Materials and Methods
In 1997, a 180-d grazing experiment evaluating biosolids-treated pastures began May 9 and ended November 6. Thirty 0.81-ha bahiagrass (Paspalum notatum) pastures, soil series millhopper sand, were assigned 1 of 11 treatments. Biosolids were applied to pastures 23 to 43 d prior to initiation of grazing. Biosolids application rates for Baltimore and Tampa biosolids were based on the local N recommendation (179 kg N/ha = X) for well-fertilized bahiagrass, assuming that 40% of the biosolids total N becomes available during the season. The residual treatments represented pasture treated with biosolids the previous year and were 1) Baltimore-1X residual (B1RS) applied at 22.4 t/ha, 2) Baltimore-2X residual (B2RS) applied at 44.8 t/ha, 3) Tampa-1X residual (T1RS) applied at 16.8 t/ha, and 4) Tampa-2X residual (T2RS applied at 33.6 t/ha. Reapplied treatments had biosolids applied to the same pastures at the same application rate as the previous year and were 1) Baltimore-1X (B1RA) reapplied at 22.4 t/ ha, 2) Baltimore-2X (B2RA) reapplied at 44.8 t/ha, 3) Tampa-1X (T1RA) reapplied at 16.8 t/ha, and 4) Tampa-2X (T2RA) reapplied at 33.6 t/ha. An additional biosolids source, Largo, was applied at two rates, Largo-1 (L1) applied at 56 t/ha and Largo-2 (L2) applied at 112 t/ha. Largo biosolids were not applied at X and 2X. Rather, they were applied at 56 and 112t/ha (rates based on Mo load, not N). The control pastures received 2.6 t/ha NH 4 NO 3 , half applied at the beginning (May 6) and half applied at mid-season (July 23). Treatments B1RS, B2RS, and the control received two replicates each and the remaining treatments received three replicates each. These biosolids varied in elemental composition (Table 1) , including Mo, which was 12, 33, and 56 mg Mo/kg, respectively, for Baltimore, Tampa, and Largo biosolids. Metal load rates (compared with maximum yearly and cumulative application rates) are presented in Table 2 .
Sixty predominantly Angus crossbred, yearling steers weighing 260 ± 3.0 kg were randomly allotted to treated pastures (two per pasture), where they grazed for 180 d. The protocol for all steer procedures had been approved by the University Animal Use Committee (#A092).
Steers from each treatment received a complete freechoice mineral supplement, with the exception of Cu, which was provided at less than 5.0% of the dietary requirement (Table 3) . This supplement was provided in covered mineral feeders located in each pasture. The bahiagrass from biosolids-treated pastures contained varying amounts of minerals (Tiffany et al., 2001a,b) ; Cu (< 10.0 mg/kg), Co (< 0.10 mg/kg), and Se (< 0.10 mg/kg) were generally deficient in all treatments for growing beef cattle (NRC, 1996) . Sodium was very low (< 0.03%) in treated pastures. Forage S was high and above a suggested maximum tolerable limit of 0.40% (NRC, 1996) for many treatments over the first three sampling times. However, control pastures exhibited much lower S concentrations (0.11 to 0.18%).
Following a 12-h period of feed removal, weights, blood, and liver biopsies were obtained from steers on d 1, 95, and 180. Plasma was analyzed for Ca, P, Mg, Cu, Se, and Zn; whole blood for hemoglobin (Hb), hematocrit (HCT), and superoxide dismutase (SOD) activity of polymorphonuclear neutrophils (PMN); and liver for Co, Cu, Fe, Mo, Mn, and Se.
Jugular blood was collected in heparinized, trace mineral-free Vacutainer tubes. Blood was kept cool at the collection site and subsequently transported to the Animal Nutrition Laboratory at the University of Florida for further preparation and analysis. Upon arrival at the laboratory, blood was analyzed for Hb (colorimetric procedure, Sigma, St. Louis, MO) and HCT (microhematocrit procedure) and then centrifuged for 20 min at 700 × g. Upon removal from a centrifuge, plasma was collected and frozen at −20°C for later analysis. Red blood cells were harvested from collected samples and, using a method modified from Arthington et al. (1995) , PMN were isolated using Histopaque 1077 (Sigma Diagnostics, St. Louis, MO). The modification placed the PMN in normal saline following washes to remove the red blood cells. Using a colorimetric procedure described by Percival (1994) , SOD was determined in PMN, with one unit of SOD activity defined as the quantity of supernate required to inhibit pyrogallol autoxidation by 50%.
Stored plasma samples were thawed and deproteinated using 10% trichloracetic acid and matrix effects corrected for using 1% LaCl 3 (Fick et al., 1979) . Plasma Ca, Cu, Mg, and Zn were determined by atomic absorption spectrophotometry, using a Perkin-Elmer AAS 5000 (Perkin-Elmer, Norwalk, CT). Colorimetric determination of plasma P was accomplished using a method described by Harris and Popat (1954) . Plasma Se concentrations were determined for animals in treatments L1, B2RA, T2RA, and the control using the modified fluorometric procedure of Whetter and Ullrey (1978) .
Liver biopsy samples (0.2 to 0.4 g DM) were obtained using a procedure described by Fick et al. (1979) . Sam- ples were placed on filter paper to remove blood and then placed in a labeled Whirl-Pak plastic bag, stored in a cooler, and transported to the lab for freezing until the time of analysis.
Liver samples were dried, weighed, ashed, and solubilized in HNO 3 (Fick et al., 1979) . Liver Co was determined for treatments L1, B2RA, T2RA, and the control and Mo was determined for all treatments using flameless atomic absorption spectrophotometry (Perkin-Elmer 3030 graphite furnace with a Zeeman background correction). Molybdenum concentrations in tissue are difficult to determine accurately, and extra steps are Data represent treatment least squares means and standard errors. For BW, treatment differs (P < 0.08), time differs (P < 0.001), and treatment × time does not differ (P > 0.88); for ADG, treatment differs (P < 0.001). Treatments represent biosolids application to pasture. Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year. Animals received free-choice mineral supplement with the following minerals: Ca 12%, Mg 1.8%, P 11%, K 0.08%, Na 11.7%, S 0.67%, Co 15 mg/kg, Cu 91 mg/kg, Fe 7,540 mg/kg, Mn 3,945 mg/kg, Se 30 mg/kg, and Zn 3,585 mg/kg. Average mineral consumption (g/d) was as follows: control (57) necessary to produce reliable data. When the graphite furnace is used for the determination of Mo concentrations, "memory" or carryover effects can occur after a sample is run. This happens when the intense heat of the graphite furnace allows the carbon in the graphite tube to combine with Mo in the sample to form Mocarbides (Perkin-Elmer). Special steps were taken to eradicate this effect. After each sample was run, two blanks (deionized water) were run to help reduce the effects of "memory." Also, to ensure the overall reliability of the analytical methods, certified National Bureau of Standards (NBS) Bovine Liver SRM-1577a (NIST, 1998) was analyzed before or after each liver sample (with two dH 2 O blanks run in between). The samples were run in the following order: NBS, two dH 2 O, liver sample, two dH 2 O, liver sample, two dH 2 O, and NBS. When Co was analyzed, NBS standards were included after six samples. Data were reanalyzed for a given run of samples when the standards fell outside the tolerance specified on the certificate of analysis.
Liver Cu, Fe, and Mn were analyzed by atomic absorption spectrophotometry using a Perkin-Elmer AAS 5000. To ensure the quality of the data, calibration standards were prepared, standard curves were recalibrated after every 20 samples, and NBS standards were routinely included. Liver Se was analyzed for treatments B1RA, B1RS, B2RA, B2RS, L1, L2, T1RS, T1RS, and the control using the modified fluorometric procedure of Whetter and Ullrey (1978) .
Experimental data were analyzed by SAS version 6.12 PROC MIXED using a repeated measures model where time is the repeated measure. The procedure estimates the variance and covariance of random effects and performs a test of hypothesis on the fixed effects of time, treatment, and time × treatment interactions (SAS Inst. Inc., Cary, NC). Initial times were used as covariates (P < 0.05) when appropriate. The F-test protected LSD option was used to perform a pairwise comparison of treatment means (SAS Inst., Inc.).
Results and Discussion

Performance
The experimental pastures provided adequate forage through the August sampling time. The remainder of the season was relatively dry but was marked with several heavy rains after 3-or 4-wk dry periods. The steers consumed the free-choice supplement throughout the experiment, and average consumption varied from 56 to 79 g/d among treatments.
Average daily gains (Table 3) were generally low for the first half of the grazing season. Steers from all treatments had clinical signs of Cu deficiency in August, based on loss of hair color, very low plasma Cu concentrations, and declining liver Cu stores. The extent to which observed lower weight gains reflect the Cu deficiency and(or) the high forage S concentrations remain unclear. By the experiment's end, weight gains improved, plasma Cu concentrations rebounded, and normal hair coat color had returned significantly. The ADG ranged from 0.34 to 0.56 kg/d across all treatments. Treatment B1RS gains were lower than those for treatments L2, T2RS, and T2RA, which tended (P < 0.10) to have ADG higher than the control. In a summary of several research projects, Kunkle and Bates (1990) reported ADG of yearlings grazing bahiagrass from May to September to range from 0.72 to 0.84 kg/d. Gains observed in yr 2 of the present experiment were generally lower than those in yr 1 (0.46 to 0.59) for heifers (Tiffany et al., 2000) . However, yr-1 heifers arrived thin and likely experienced compensatory gain.
Plasma Minerals, Hemoglobin, Hematocrit, and Neutrophil SOD Plasma Ca exceeded the 8.0 mg/dL critical level (McDowell, 1997) for all treatments at all times (Table 4) . There was no treatment effect (P > 0.05) for plasma Ca. As expected due to hormonal regulation, plasma Ca concentrations did not reflect the deficient or marginally adequate Ca status of the forage (Tiffany et al., 2001a) . Free-choice mineral consumption may have offset the marginal forage Ca intake.
Plasma P concentrations of 4.5 to 6.0 mg/dL are normal for adult cattle, but higher (6.0 to 8.0 mg/dL) concentrations are often observed in young animals (McDowell, 1992) . Plasma P was uniformly high in all steers when allotted (d 1) to pasture treatments (Table  4) . Plasma P concentrations decreased (P < 0.05) for all treatments from d 1 to 95, but no treatment differences were found. Although there was no difference (P > 0.05) between treatments, several continued to decline in plasma P to d 180, at which time B1RA-treated animals were below the critical concentration and B2RS animals were borderline. This decline is somewhat surprising because forage was borderline to adequate (> 0.18%) in P (Tiffany et al., 2001a) and the mineral supplement supplied P to compensate for forage deficiency.
Plasma Mg is a good indicator of status; the critical level is estimated to be 1.0 to 2.0 mg/dL (McDowell, 1997) . Plasma Mg means (Table 4) for all treatments were close to 2.0 mg/dL throughout the experiment, reflecting the adequate Mg concentration in the forages of experimental pastures (Tiffany et al., 2001a) and mineral supplementation. Plasma Mg concentration did not differ (P > 0.05) among treatments. Steers from most treatments had higher (P < 0.05) plasma Mg from d 1 to 95, after which concentrations changed little to d 180.
The critical concentration for plasma Cu is estimated to be 0.65 µg/mL (McDowell, 1997) . Plasma Cu concentrations were well within the normal range, with no difference among treatments, when steers were assigned to pasture on d 1 (Table 5) . Copper concentrations of plasma decreased dramatically (P < 0.01) in all treatments by d 95, and evidence of Cu deficiency was apparent due to the clinical signs of loss of hair coat color for many animals. The normal black pigment of the Angus hair coat became red in color. The degree to which low forage Cu and(or) high forage S aggravated the situation is unclear. Although there was a possibility of direct consumption of biosolids early in the season, this would not explain the decline in plasma Cu of control steers. Plasma Cu concentrations increased (P < 0.05) for all treatments at the experiment's termination to concentrations above the critical levels. Even though liver Cu concentrations continued to decline to d 180, there was no difference in plasma Cu between the control and treatment animals.
The critical concentration of plasma Zn is estimated to be 0.6 to 0.8 µg/mL (McDowell, 1997). Plasma Zn Initial time (d 1) used as a covariates for Ca, P, and Mg. For Ca, treatment does not differ (P > 0.11), time differs (P < 0.0001) and treatment × time does not differ (P > 0.27); for P, treatment does not differ (P > 0.95), time differs (P < 0.001), and treatment × time does not differ (P > 0.67); for Mg, treatment does not differ (P > 0.38), time differs (P < 0.001), and treatment × time does not differ (P > 0.77). Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year.
did not differ (P > 0.05) among treatments. Plasma Zn concentrations of experimental animals exceeded the critical level at all sampling times (Table 5 ). The adequate status for plasma Zn reflects the forage Zn concentration ( B1RS, T1RS, T1RA, and T2RA pastures had > 30 mg Zn/kg DM; Tiffany et al., 2001b ) and freechoice mineral supplementation. Initial time (d 1) used as a covariate for Cu. For Cu, treatment differs (P < 0.06), time differs (P < 0.001); and treatment × time does not differ (P > 0.23); for Zn, treatment does not differ (P > 0.52), time differs (P < 0.001), and treatment × time does not differ (P > 0.23). Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year.
Means with different superscripts within a column differ (P < 0.05).
Plasma Se is a good indicator of status, with concentrations < 0.03 µg/mL critical for cattle (McDowell, 1992) . Plasma Se means on d 1 and 180 exceeded the critical level, whereas the control and T2RA-treated animals were at or below the critical concentration in August (Table 6 ). There was no difference among treatments at any sampling time. The Se-deficient status of forages in Florida is well-documented (McDowell, 1997) . Although the Se contents of the Tampa and Baltimore biosolids were relatively high (5.0 to 5.2 mg/kg), the forage of treated pastures was very deficient (Tiffany et al., 2001b) and likely contributed to the deficient concentrations observed in August. It is not clear why the free-choice mineral supplement provided did not alleviate the deficient plasma Se concentrations observed in August.
Hemoglobin is an iron-containing (0.334%) conjugated protein that has physiological association with oxygen and its transport in blood. Normal Hb concentrations for most mammals are 13 to 15 g/dL (Swenson and Reece, 1993) . Lower concentrations may be linked to Cu deficiency (Sanders and Sanders, 1983) . However, low Hb concentrations do not always occur when Cu Initial time (d 1) used as a covariate for Hb and HCT. For Hb, treatment does not differ (P > 0.15), time differs (P < 0.001), and treatment × time differs (P < 0.05); for HCT, treatment differs (P < 0.001), time differs (P < 0.001), and treatment × time differs (P < 0.05). Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year. status is low. Hemoglobin was slightly low for most steers on d 1 (Table 7 ). Blood Hb for most treatments remained unchanged at d 95, when treatment T1RS was lower (P < 0.05) than most other treatments. With the exception of treatments L1 and T1RA all treatment means were below the normal range on d 95. By d 180, most treatments had increased (P < 0.05) over their initial Hb concentrations and were within the normal range. At the season's end, treatments B1RS, T1RA, T2RA, and the control had Hb concentrations elevated (P < 0.05) above B1RA, but in general there was little difference among treatments.
The normal range for blood HCT is 38 to 45% for most domestic species (Swenson and Reece, 1993) , with slight variations common. Some treatment groups were slightly below the normal range when they were as- 56.0 21.6 ± 9.4 8.4 ± 9.4 Largo-2 112.0 11.9 ± 9.4 12.2 ± 9.4 Baltimore-1X-RS -26.8 ± 11.4 16.6 ± 11.5 Baltimore-1X-RA 22.4 9.0 ± 9.4 20.8 ± 9.4 Baltimore-2X-RS -17.3 ± 11.5 14.1 ± 11.5 Baltimore-2X-RA 44.8 15.8 ± 9.4 11.7 ± 9.4 Tampa-1X-RS -23.4 ± 9.4 41.5 ± 9.4 Tampa-1X-RA 16.8 15.6 ± 9.4 35.7 ± 9.4 Tampa-2X-RS -19.4 ± 9.4 12.6 ± 9.4 Tampa-2X-RA 33.6 12.0 ± 9.4 28.7 ± 9.4 a Data represent treatment least squares means and standard errors; treatment, time, and treatment × time do not differ (P > 0.05). Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year. b SOD activity based on units (U) of activity per mg of protein.
signed to treatments on d 1; but, with the exception of B1RS, which was low throughout all samplings, all treatments were within acceptable limits at the end of the trial (Table 7) . Differences among treatments at selected sampling times were small and deemed to be biologically insignificant. Gengelbach et al. (1997) observed decreased SOD activity of PMN in calves receiving Mo supplementation (5 mg/kg added to a basal diet containing 1.5 mg/kg) compared to control or Cu-supplemented calves. The SOD activity of PMN (Table 8) did not reflect the change in plasma Cu concentrations from August to October or reflect liver Cu concentrations at either sampling time. No treatment differences (P > 0.05) in SOD were observed. Changes from d 95 to 180 were not detectable for any treatment. Our results are consistent with the findings by Rabiansky et al. (1999) for cattle that SOD activity of neutrophils fails to reflect Cu status.
Liver Minerals
Bovine livers generally contain 100 to 300 mg/kg of Cu (Cunha et al., 1964) , and concentrations below 75 mg/kg may indicate onset of deficiency. Concentrations below 25 mg/kg indicate severe deficiency (McDowell, 1997) . In agreement with yr-1 data (Tiffany et al., 2000) , all treatments declined (P < 0.05) from d 1 to 180 (Table  9 ). In addition, liver Cu for most treatments declined (P < 0.05) between d 1 and 95, with the notable exception of B2RS and the control. Steers from treatments B1RS, B2RA, T1RA, T2RA, and T2RS had lower (P < 0.05) liver Cu concentrations than the control at d 180. At the experiment's end, liver Cu treatment means for B1RS, T2RS, and T2RA were below 75 mg/kg, suggesting borderline deficiency, and several other treatment groups approached this low concentration. Smart et al. (1986) reported that initially deficient plasma and liver Cu concentrations declined at calving in pregnant heifers receiving sulfated water (0.35% S in diet). They concluded that S intake had a negative effect on the Cu status of beef cows and that 10 mg Cu/ kg of diet was not enough to improve the deficient status of these cattle. The low liver Cu stores of steers in our experiment may reflect low forage Cu and the high forage S concentrations (0.26 to 0.52%; O'Connor and McDowell, 1999) in the treated pastures; S interferes with Cu metabolism. Forage Mo of treated pastures (Tiffany et al., 2001b) was very low (< 0.60 mg/kg), and there is little evidence to suggest that Mo at these concentrations would have much effect on Cu status or thiomolybdate formation.
Liver Mo concentrations greater than 5.0 mg/kg may indicate Mo toxicity (McDowell, 1997) . Although most treated and residual pastures had Mo concentrations that exceeded the control at sampling times after July (Tiffany et al., 2001b) , the differences were small, and pasture Mo concentrations were well below levels typically associated with molybdenosis and high liver Mo in cattle (McDowell, 1992) . Forage Cu:Mo ratios were substantially above the critical level of 2:1 suggested by Miltimore and Mason (1971) . Sulfur concentrations of biosolids-treated forages were high (0.26 to 0.52%, O'Connor and McDowell, 1999) , and the extent to which high S stimulates thiomolybdate formation when forage Mo concentrations are low (< 0.60 mg/kg) is not clear. Liver Mo concentrations in yr 2 (Table 9) were similar to those in yr 1 (Tiffany et al., 2000) , remained below 3.0 mg/kg, and changed little over the season. There was no difference (P > 0.05) in liver Mo concentrations. The usefulness of liver Mo as an indicator of overall status or thiomolybdate formation is variable. Liver Mo reflects dietary status if Cu and S are held constant (Mills and Davis, 1987) . Some studies in sheep showed that liver Mo declined as dietary S increased and dietary Cu and Mo were held constant (Dick, 1956) .
Forage Co was very low in the treatments analyzed (Tiffany et al., 2001b) . In contrast, the steers grazing these pastures had liver Co concentrations (Table 10) well above the critical level of 0.05 to 0.07 mg/kg (McDowell, 1997) , reflecting the benefit of adequate supplementation. No differences among treatments were observed at any sampling time, and liver Co concentrations did not vary with time. McDowell et al. (1980) estimated that normal liver Fe concentrations in cattle are above 180 mg/kg of DM. Slight differences among treatments were apparent as steers were assigned to pastures on d 1 (Table 11 ), but by August there were no differences among treatments. In November, differences in liver Fe among treatments were detected, and several treatment means were below the estimated normal limit of 180 mg/kg. The lower liver Fe status of steers grazing the T2RA and B2RS pastures was not reflected by their Hb concentrations Initial time (d 1) used as a covariate for Cu and Mo. For Cu, treatment differs (P < 0.07), time differs (P < 0.001) and treatment × time does not differ (P > 0.56); for Mo, treatment does not differ (P > 0.92), time differs (P < 0.001), and treatment × time does not differ (P > 0.22). Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year.
Means with different superscripts within a column differ (P < 0.05). (Table 7) , which were within the normal range at the experiment's termination. Iron was provided in the mineral supplement, and forage of most treatments had adequate (> 50.0 mg/kg) Fe for most of the year (Tiffany et al., 2001b) , but forage in some treatments were borderline to deficient in October and November.
Forages from most biosolids-treated pastures had high Mn concentrations (Tiffany et al., 2001b) , and treatments L1, L2, B2RA, and T2RA were consistently near or above 200 mg/kg throughout most of the grazing season. The high dietary Mn had little effect on the liver Mn concentrations (Table 11 ). There were no differences among treatments at May and November samplings, and only small differences were observed in August. Liver Mn was generally low, with some treat- ments slightly less than the critical level of 6 mg/kg suggested by McDowell (1997) .
The critical concentration for liver Se is estimated to be 0.25 mg/kg. There were no differences among treatments at any sampling time (Table 11 ). However, liver Se for treatments B1RA, T1RS, and the control decreased (P < 0.05) from the initial sampling to the experiment's end. Treatments did not reflect the deficient status (< 0.10 mg/kg) of the bahiagrass (Tiffany et al., 2001b) ; all treatment means exceeded the critical concentration throughout the experiment.
Implications
Application of high Mo-containing biosolids for welldrained acid soils of Florida did not increase forage Mo Initial time (d 1) used as a covariate for Fe and Mn. For Fe, treatment differs (P < 0.08), time differs (P < 0.07), and treatment × time differs (P < 0.02); for Mn, treatment differs (P < 0.05), time differs (P < 0.001), and treatment × time does not differ (P > 0.35); for Se, treatment does not differ (P > 0.96), time differs (P < 0.02), and treatment × time does not differ (P > 0.12). Use of 1X refers to the recommendation for N fertilization and 2X double this value. Treatments designated RA had biosolids application in consecutive years; RS treatments were applied only in the previous year. sufficiently to affect Cu metabolism. However, increased forage S from biosolids applications, in addition to naturally low forage Cu, resulted in Cu deficiency for cattle. Copper supplementation is warranted under these conditions to supply animals with adequate levels of feed Cu and to counteract possible S antagonism to Cu.
